Wafer-level camera lenses are a very promising process for camera lens fabrication. However, there exist some problems with this technology, such as uneven exposure due to curing non-uniformities. In this study, an optical simulation was implemented to simulate the UV light-emitting diodes (LEDs) curing process. We design the LED arrangement, and then find the corresponding LED and adjust the LED power to improve exposure uniformity. The simulation results are very close to the experimental data, and the uniformity is also within the standard range.
Introduction
The exposure system is an important part of the semiconductor process, and wafer-level camera lenses are a very promising process for camera lens fabrication, although some problems remain with uneven exposure and non-uniform curing. These problems needed further investigation.
The rapid development of light-emitting diodes (LEDs) over the has surpassed the characteristics of incandescent lamps in luminous efficiency, durability, reliability, safety, and power requirements [1, 2] . Although Current high-power LEDs produce up to 120 lm per device, several independent LEDs must be installed on the panel to achieve the actual power. However, in many lighting applications, a uniform illumination distribution is desired, which is affected by the packing density and array configuration of the LEDs [3] . The use of the superposition of illuminance to determine the required interval of the LED array is a good method for designing a lighting system [4, 5] . When the panel-target distance is not much longer than the panel size, The illumination non-homogeneity is conspicuous, for example, LED systems that produce directional lighting, such as display lighting [6, 7] , machine vision [8, 9] , and microscopy [10] .
Moreno et al. [11] analyzed the optimum LED-to-LED spacing. They found the optimum packing density of light sources consisting of multiple LED to uniformly illuminate near targets by considering each single LED as an imperfect Lambertian emitter. They [12] also showed that an array of LED assembled upon a spherical surface can produce a wider angle distribution of light than a typical array and that by arranging every single LED into an optimal placement, the uniformity of the illumination of a target can be improved. Parkyn et al. offer a method [13, 14] to design lenses which can change the emission angle of LEDs. The method can increase brightness and luminous efficiency because it makes the beam narrower and concentrated. Kuang et al. [15] proved that the uniformity of illumination can be optimized by reducing the divergence of incident light, as well as adjusting a certain number 2 of 21 of columns of the fly-eye lens. Chen W.Z. [16] developed a crystalloid structure with a cone-shape in LED to increase the FWHM angle to 160 • and validated this approach with an optical design and simulation software. Chen M.C. [17] presented an exploratory design of a focus-variable UV curing optical system with an LED ring array and studied the influence of the reflector on the UV curing system. Fu W.T. [18] presented an optical design that uses UV LED as the light source and stipulated the utilization rate of light, uniformity, size and working distance. Wu et al. presented a feedback reversing design method [19] improved uniformity of illumination distribution through the design of optical lenses and the computation of the packaging density of LED arrays. Kim et al. proposed an optical design process [20] . The number of LEDs needed to produce the target luminance is calculated from the combined optical efficiencies of the components. Then an appropriate array configuration is sought based on the illuminance distribution function for meeting the target uniformity. Kuo et al. presented a direct LED backlight unit (DLBLU) with extended sources based on an analytical design method [21] of uniform illumination is investigated, and developed an analytical calculation method of the light spread function (LSF) for achieving highly uniform illumination into the diffuser plate of a DLBLU.
In this study, we will be investigating a LED module of an exposure system to do an optical simulation and LED arrangement optimization. We also will add the design of the reflective cover to correct the illumination angle to increase uniformity, then confirming the energy consistency at each point within the effective exposure range to achieve uniformity target.
Problem Description
After compression molding, the UV curable resin is cured by UV LED. However, in the curing process, the products will not cure uniformly due to the arrangement of the LED. Therefore, this study will use an LED module to carry out an optical simulation and LED arrangement optimization, confirming that the energy consistency at each point is within the effective exposure range.
Uniformity
Effective energy coverage at each point in the effective exposure range. Measure the intensity or energy of the 9-, 13-, and 25-point positions within the effective exposure range, as calculated by formula (1) . The measurement instruments are UV intensity sensor as shown in Figure 1a , the light source is 8 cm away from the UV intensity sensor, and the exposure product has the same placement as the UV intensity sensor. Technical specifications of the UV intensity sensor as shown in Table 1 .
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Problem Description
Uniformity
Effective energy coverage at each point in the effective exposure range. Measure the intensity or energy of the 9-, 13-, and 25-point positions within the effective exposure range, as calculated by formula (1) . The measurement instruments are UV intensity sensor as shown in Figure 1a , the light source is 8 cm away from the UV intensity sensor, and the exposure product has the same placement as the UV intensity sensor. Technical specifications of the UV intensity sensor as shown in Table 1 . The light source is 8 cm away from the UV intensity sensor, and the exposure product has the same placement as it. 
Materials and Methods

Simulation Model
In this study, we use the TracePro software to carry out the analysis. In order to reduce the simulation error, we first carried out simulation and experimental verification of a single LED and used the same specification of LED in the experiment. Figure 2 shows an LED model, which can be divided into three parts: substrate, lens, and diode. 
LED Scattering Angle
We first confirm the LED lamp scattering angle, and the simulation results in Figure 3 shows this is 141.5 °C , while the actual product specification is 140 °C , as shown in Table 2 . 
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Simulation Model
LED Scattering Angle
We first confirm the LED lamp scattering angle, and the simulation results in Figure 3 shows this is 141.5 • C, while the actual product specification is 140 • C, as shown in Table 2 . Appl. Sci. 2019, 9, In this study, the reflective cover was set as a perfectly reflective surface, the absorption plate was set as a perfectly absorbing surface, and the uniformity was observed through the absorption plate.
Parameter Design
LED Spacing Design
The design variables are the distance S1 in the transverse direction, and the vertical distance S2, as shown in Figure 4 . We change the spacing between each area to observe the resulting uniformity and luminous intensity. Figure 5a is the type A: 2 × 2 LED area arrangement (a total of 64 LED), while Figure 5b is the type B: 3 × 3 area arrangement (a total of 81 LED). In this study, the reflective cover was set as a perfectly reflective surface, the absorption plate was set as a perfectly absorbing surface, and the uniformity was observed through the absorption plate.
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Parameter Design
LED Spacing Design
The design variables are the distance S1 in the transverse direction, and the vertical distance S2, as shown in Figure 4 . We change the spacing between each area to observe the resulting uniformity and luminous intensity. Figure 5a is the type A: 2 × 2 LED area arrangement (a total of 64 LED), while Figure 5b is the type B: 3 × 3 area arrangement (a total of 81 LED). The simulation condition for the LED power is 134 mW, the reflective cover is set to perfect reflection, the LED spacing is 1 cm, and the distance of the absorption plate and from the LED is 8 cm.
We set the following four parameters in the simulation:
(1) S1 = 0.8 cm, S2 = 0.8 cm;
(2) S1 = 0.6 cm, S2 = 0.6 cm; (3) S1 = 0.7 cm, S2 = 0.5 cm; (4) S1 = 0.7 cm, S2 = 0.6 cm.
The simulation results ( Figures 6 and 7) show that the use of design variables S1 and S2 does not significantly improve the uniformity (Tables 3 and 4 ). A   Table 3 . Uniformity of type A simulation results.
Simulation Results for Type
Type A Uniformity variables (1)
70.91% variables (2) 68.43% variables (3) 67.22% variables (4) 69.52%
(a) (b) The simulation condition for the LED power is 134 mW, the reflective cover is set to perfect reflection, the LED spacing is 1 cm, and the distance of the absorption plate and from the LED is 8 cm.
The simulation results ( Figures 6 and 7) show that the use of design variables S1 and S2 does not significantly improve the uniformity (Tables 3 and 4 ).
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Reflective Cover Design
As the design variables, S1 and S2, do not significantly improve the uniformity, this study changes the reflective cover design. The original reflective cover is a rectangle, and this is then changed to the type shown in Figure 8 to focus the light source, and three designs are simulated: Type 1: h1 = 1 cm, h2 = 3 cm; Type 2: h1 = 2 cm, h2 = 2 cm; Type 3: h1 = 3 cm, h2 = 1 cm 
Reflective Cover Design Simulation Results
We use type B and its simulation conditions to simulate and observe the change in uniformity. It can be seen from the simulation results ( Figure 9 ) that the luminous intensity of reflective cover type 3 is lower than that of the other types, but the uniformity (Table 5 ) is significantly better, and thus we choose reflective cover type 3 to make subsequent design changes. 
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We use type B and its simulation conditions to simulate and observe the change in uniformity. It can be seen from the simulation results (Figure 9 ) that the luminous intensity of reflective cover type 3 is lower than that of the other types, but the uniformity (Table 5 ) is significantly better, and thus we choose reflective cover type 3 to make subsequent design changes. 
Results
Parameter Design Change of Type A
We then change the design variables for type A (Figure 10 ) to find a better combination. From the previous simulation results, it is known that the current center of the light intensity is too strong. 
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1. The best type of reflective cover: h1 is 3 cm and h2 is 1 cm. When a smaller h1 value and a larger h2 value are selected, the periphery LED light source is refracted to the central area by the action of the reflector cover, so that the central light intensity is greater than the periphery intensity, and the uniformity is lowered. 2. Increasing the D value can effectively increase the overall uniformity. When the value of D is larger (the number of LEDs in the central area is reduced), the refraction and overlap of the periphery LED light sources do not cause the center intensity too strong. 3. When the above 1. and 2. are executed, the difference between the light intensity of the center and periphery becomes smaller, appropriately increasing the number of LED on the periphery can make the overall uniformity rise. 4. Based on the above simulation results, we use these concepts applied to the design change, type 4 of design change (IV) is a good arrangement in the simulation.
These simulation results can be applied with the actual model arrangement to improve the uniformity. Figure 15 shows the best LED arrangement from the simulation results. The luminous intensity of the central area is still too strong (Figure 16 ), and the luminous intensity of each corner needs to be strengthened. The results can be summarized as follows:
Parameter Design Change of Type C
1.
The best type of reflective cover: h1 is 3 cm and h2 is 1 cm. When a smaller h1 value and a larger h2 value are selected, the periphery LED light source is refracted to the central area by the action of the reflector cover, so that the central light intensity is greater than the periphery intensity, and the uniformity is lowered.
2.
Increasing the D value can effectively increase the overall uniformity. When the value of D is larger (the number of LEDs in the central area is reduced), the refraction and overlap of the periphery LED light sources do not cause the center intensity too strong.
3.
When the above 1. and 2. are executed, the difference between the light intensity of the center and periphery becomes smaller, appropriately increasing the number of LED on the periphery can make the overall uniformity rise.
4.
Based on the above simulation results, we use these concepts applied to the design change, type 4 of design change (IV) is a good arrangement in the simulation.
These simulation results can be applied with the actual model arrangement to improve the uniformity. Figure 15 shows the best LED arrangement from the simulation results. The luminous intensity of the central area is still too strong (Figure 16 ), and the luminous intensity of each corner needs to be strengthened. Appl. Sci. 2019, 9, In order to increase the uniformity, we reduce the model scale to 1/8, as shown in Figures 16a  and 17 , to observe the effects of each LED on the overall luminous intensity, and to find which regions need to be improved. In order to increase the uniformity, we reduce the model scale to 1/8, as shown in Figures 16a  and 17 , to observe the effects of each LED on the overall luminous intensity, and to find which regions need to be improved. In order to increase the uniformity, we reduce the model scale to 1/8, as shown in Figures 16a and 17 , to observe the effects of each LED on the overall luminous intensity, and to find which regions need to be improved. In order to increase the uniformity, we reduce the model scale to 1/8, as shown in Figures 16a  and 17 , to observe the effects of each LED on the overall luminous intensity, and to find which regions need to be improved. We thus aim to improve the two areas in the center and the upper right corner, as shown in Figure 16b , and find the LED that affects these.
Parameter Design Change of Type C
We find the most influential three LED in the upper right corner, as shown in Figure 18 . The most influential LED in the center area is shown in Figure 19 .
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Simulation of Correction
The previous simulation is mainly to change the LED arrangement and adjust the power of individual LED to greater better uniformity. However, changing the LED arrangement will influence the range of drive power control, so we fixed the LED arrangement and adjusted the LED power per area to improve uniformity. Figure 22 shows the final LED arrangement. 
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We adjusted the power distribution because the light intensity was too strong with the actual products, Figure 26 shows the LED power distribution for the type 2 design.
The simulation results are shown in Figure 27 and compared with the experimental results in Figure 28 . The strongest and weakest light intensities are the same positions, the experimental uniformity is 91.8%, and the simulation uniformity is 90.33%. The maximum error value of experimental and simulation is about 13%. Figure 29 is the experimental model of LED power adjustment type 2 in the actual process. The simulation results are shown in Figure 27 and compared with the experimental results in Figure 28 . The strongest and weakest light intensities are the same positions, the experimental uniformity is 91.8%, and the simulation uniformity is 90.33%. The maximum error value of experimental and simulation is about 13%. Figure 29 is the experimental model of LED power adjustment type 2 in the actual process.
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The simulation results are shown in Figure 27 and compared with the experimental results in Figure 28 . The strongest and weakest light intensities are the same positions, the experimental uniformity is 91.8%, and the simulation uniformity is 90.33%. The maximum error value of experimental and simulation is about 13%. Figure 29 is the experimental model of LED power adjustment type 2 in the actual process. 
Discussion
The model used in the optical analysis was designed based on the experience obtained from the preliminary simulation. In addition to the design variables W and D, the number of LED was also increased in the peripheral area to improve the uniformity. However, the light intensity in the center was still too strong, while that at the edge was too weak. In order to further enhance the overall uniformity, we examined the impact of each LED on the overall light intensity and adjusted the corresponding LED power, thus effectively improving the uniformity.
However, this method is limited by the manufacturer's power control capabilities. We thus made further advanced design changes, adjusting the LED gap in the center and outer areas, and the LED power distribution per area, to enhance the uniformity. The results showed that this design achieved the uniformity target and was applied to the actual process.
Comparing the experimental and simulated results, the trend of light intensity is generally consistent. Small errors may have been produced due to the material of the reflective cover, as this was set to be perfectly reflective in the simulation.
Conclusions
In this study, we used optical simulation to design an LED arrangement to improve exposure uniformity and carried out experimental verification of the actual manufacturing process.
This study showed how to find the areas that need improvement by finding the corresponding LED and adjusting the power. By changing the power of a single LED, as well as their arrangement, we effectively improved the exposure uniformity. However, due to assembly and control difficulties, we choose to simply adjust the LED power per area.
The simulation results are very close to the experimental data, and the uniformity is also within the standard range. 
